Figure 1. Structure and Glycosylation Pattern of Vancomycin and Chloroeremomycin
The structures of two vancomycin group antibiotics are shown, with the crosslinked amino acids numbered. The sugars are labeled in each structure, and for chloroeremomycin, the enzymes responsible for the glycosyl transfer are shown above the indicated sugar.
is added by a second GTF to create a vancosaminyland packs against the N-terminal domain, creating an interface of ‫81ف‬ Å in length that consists almost entirely 1,2-glucosyl disaccharide chain. In the chloroeremomycin biosynthetic cluster, there are three GTF genes of hydrophobic interactions. Otherwise, interdomain contacts are relatively limited; only four hydrogen bonds in tandem, orfs 11, 12, and 13, corresponding to GtfA, GtfB, and GtfC, respectively. GtfB transfers the glucose are observed between side chains of the C-terminal domain and main chain atoms from N-terminal domain moiety from a UDP-glucose donor to the vancomycin aglycone acceptor. While the exact order of the two loops immediately following the N␤5 and N␤6 strands. Three peptide segments in the GtfB crystal structure remaining glycosylations is unknown, GtfC is the pre- Figure 2c illustrates the abrupt end in electron density observed at residue 139, which, interestingly, the generation of chemical diversity if they can be engineered to accept either alternate aglycones or alternate follows a well-ordered sequence of four consecutive Pro residues. These latter disordered regions overlap with NDP-sugar donor substrates. However, little is known about the structure or determinants of recognition or hypervariable regions (residues 55-82 and 134-164), which are seen in the amino acid sequence alignments selectivity [13] . In this work, we report the X-ray crystal structure of the first glycosyltransferase that decorates of the closely related glycosyltransferases from organisms producing vancomycin-class antibiotics (Figure 3 ). the crosslinked aglycone of the vancomycin family, the glucosyltransferase GtfB from the chloroeremomycin It is also possible that a larger portion of the GtfB N-terminal domain may be flexible in solution, as the biosynthetic cluster. long helix formed by residues 69-82, which immediately follows one of these disordered segments, is stabilized Results and Discussion in the X-ray structure by crystal-packing interactions.
Overall Structure
The GtfB structure is comprised of two distinct N-and
Structural Homology
The crystal structures of a number of other glycosyl-C-terminal halves, similar in size and topology and separated by a deep cleft (Figure 2a sylates hydroxymethyl cytosine of DNA [14, 22]. Individbe grouped into a single superfamily despite a lack of noticeable amino acid sequence similarity. Unligil and ually, the conserved ␤ sheet structures of the N-and C-terminal domains of GtfB and ␤-GT superimpose with Rini [24] recently noted that five other previously determined glycosyltransferase structures can also be an rmsd of 2.0 Å and 1.5 Å , respectively. However, when the entire structures of GtfB and ␤-GT are superimgrouped into two homologous superfamilies and predicted that many other glycosyltransferases originally posed, the overall rmsd is 3.6 Å , reflecting a large difference in the relative disposition of the two domains in categorized into separate families, based on sequence similarity, might also be related. suggesting that family 1 NDP-sugar glycosyltransfercessful. Even when crystals of the enzyme are grown ases may be part of a larger structural, although not at UDP-glucose concentrations up to 25 mM (K m ϭ 1.3 necessarily functional, superfamily. mM), no electron density is observed to indicate the The possibility of a common evolutionary origin for presence of bound substrate, and the refined protein GtfB, MurG, and ␤-GT is an intriguing question, despite structure is virtually identical (0.27 Å rmsd on main chain the low levels of amino acid sequence similarity between atoms) to that of GtfB crystallized in the absence of a these enzymes. Such considerations can also be exsubstrate. As the homologous T4 phage ␤-GT has been tended to the N-and C-terminal domains, which also reported to cleave UDP-glucose [22], one explanation share marked topological similarity (rmsd of 1.65 Å for for the lack of binding is that, in GtfB, the substrate is 62 C ␣ atom pairs in GtfB). The 23% sequence identity similarly hydrolyzed and then released; however, only between the two GtfB domains is rather low, but it is very low rates of UDP-glucose hydrolysis have been comparable to the 22% sequence identity observed bemeasured in solution (H.C.L. and C.T.W., unpublished tween the N-terminal domains of GtfB and MurG. This data). A second possibility is an ordered-sequential observation suggests that the enzyme may have evolved binding mechanism for substrates in GtfB, in which prior by a gene duplication/fusion event.
binding of the aglycone acceptor is required to induce a conformational change that then creates a functional UDP-glucose binding subsite in the enzyme. An or-UDP-Glucose Substrate Binding dered-sequential binding mechanism has been obAll attempts to observe the GtfB/UDP-glucose binary complex by X-ray crystallography have been unsucserved recently for a macrolide glycosyltransferase curring in the glycine-rich sequence on the C-terminal domain is common to both enzymes. In the ␤-GT comThe approximate location of the UDP-glucose binding site may be inferred from the X-ray crystal structure of plex, the side chain of Ser189 forms a hydrogen bond with the pyrophosphate of bound UDP and is part of the binary complex of T4 phage ␤-GT and UDP [14] . In this structure, UDP was bound against the surface of a flexible loop that becomes ordered upon substrate binding [14]. As noted above, structurally homologous the C-terminal domain within the interdomain cleft (Figure 5a) . The assumption that UDP-glucose binds to a Ser247 is part of a short disordered loop in GtfB. Conserved as either Ser or Thr in even distantly related corresponding position in the GtfB cleft is supported by some experimental evidence: in the crystal structure, a enzymes, it is probable that this side chain plays a similar role in substrate binding by GtfB. sulfate anion binds to GtfB near the expected position of the substrate pyrophosphate bridge (Figure 5b ). HowOne striking difference between the presumed UDPglucose binding sites in ␤-GT and GtfB involves the ever, since amino acids in this region differ greatly between the two enzymes, it is difficult to predict any stabilization of the pyrophosphate. In the ␤-GT complex, Among the closely related antibiotic pathway GTFs, engineering of altered substrate selectivity can be conceived. However, the basic architecture of the enzyme residues forming the hydrophobic pocket are fairly well conserved (Figure 3) . However, differences are more itself observed in this work reveals potential avenues for the development of antibiotic diversity. The presence pronounced for GtfA, as would be expected for this enzyme that is unique in transferring the sugar moiety of two virtually independent structural domains, each having distinct acceptor and donor substrate binding to the 6-position on the aglycone heptapeptide rather than position 4 ( Figure 1 
). The substitution of Leu102 functions, suggests that chimeric enzymes, consisting of N-and C-terminal domains derived from related GTFs for Asp or Glu in the GtfC and GtfD enzymes is also consistent with this hypothesis, as the latter residues
having differing acceptor and donor specificities, could be constructed. The C-terminal helical tail, which packs provide a more suitable surface for binding the glucosyl moiety of the monosaccharide aglycone substrate duragainst the N-terminal domain surface, represents the most significant interface between the two domains. ing formation of the disaccharide linkage (Figure 1) .
The direct observation of GtfB complexes with the However, this interface occurs on the opposite surface of the enzymes from both substrate binding sites. Moreaglycone and UDP-glucose substrates by X-ray crystallographic analysis, as well as site-directed mutagenesis over, residues of both the helical tail (Ala387, Ala390, Ala391, Leu394, and Val398) and N-terminal domain studies, will be necessary to understand the determinants of substrate binding and specificity before the (Leu20, Val24, Leu27, Ala29, Ala96, Val98, Pro119, Phe121, 
Implications for Catalysis
Little is known about the catalytic mechanism of GtfB, or family 1 glycosyltransferases as a whole. Mechanisms proposed for other glycosyltransferase families [24] glycosyltransferases ( Figure 6 ). The D332A mutant enzyme, when purified and assayed, exhibited a k cat that have postulated that transfer is initiated by a general base that abstracts a proton from the reactive acceptor was reduced 250-fold compared to the wild-type enzyme (0.13 min Ϫ1 versus 33 min
Ϫ1
, respectively), with no hydroxyl, followed by nucleophilic attack at the sugar C1 carbon center. An inspection of the GtfB structure significant change in the K m for UDP-glucose (3.3 mM versus 1.3 mM) ( Table 1) . Hence, a in GtfB. However, mutational analysis has shown that neither side chain is essential for catalysis by GtfB. The more valid picture of the GtfB active site may require the structure of an abortive GtfB ternary complex to k cat of the D13A mutant is 2.6 min Ϫ1 , down about 10-fold from wild-type GtfB, with no change in the K m for UDPestablish which residues are critical to the sugar-transfer reaction. glucose (Table 1 ). GtfB-H125A shows no decrease in catalytic rate, with a k cat of 43 min Ϫ1 , compared to a rate Many glycosyltransferases, including the family 1 enzymes such as MurG and ␤-GT, are also assumed to of 33 min Ϫ1 for wild-type GtfB. These results also raise doubt about the choice of Asp100 as the general base require Mn 2ϩ or other divalent cations for optimal activity [24] . Interestingly, despite the overall structural and in ␤-GT [22].
The only other residue identified in the GtfB crystal functional similarity with ␤-GT and MurG, GtfB does not share this mechanistic requirement. In fact, the rate of structure that appears to be in a reasonable position to serve as a catalytic base is Asp332 on the adjacent catalysis by GtfB was found to decrease with increasing concentrations of Mg 2ϩ and be unaffected by the pressurface of the C-terminal domain (Figure 5b ). Unlike Asp13 and His125, this amino acid is also highly conence of EDTA (H.C.L. and C.T.W., unpublished data). Although a high concentration of Mg 2ϩ cations in the served among distantly related members of family 1 
Experimental Procedures
For data collection, all crystals were transferred in a stepwise manner to a solution matching the reservoir conditions but including Protein Purification 30% glycerol as a cryo-protectant. The GtfB structure that was The gene encoding GtfB was cloned from Amycolatopsis orientalis crystallized under type 1 conditions was solved by the multiple A82846 genomic DNA by PCR amplification using primers designed isomorphous replacement (MIR) method. Four heavy-atom derivabased on the published sequence of the chloroeremomycin biosyntives were prepared by soaking native crystals in reservoir solutions thetic cluster [6] . The forward primer introduced an NdeI restriction containing one of the following compounds: 0.1 mM platinum dichlsite, and the reverse primer introduced a XhoI restriction site. The orodiamine, 10 mM ethylmercurythiosalicylate, 10 mM UO 2 (NO3) 2 , digested PCR product was ligated into a pET22b expression vector and 10 mM KAu(CN) 2 . An initial 2.8 Å native as well as heavy-atom that adds a hexahistidine tag at the C terminus; ligations were transderivative (2.8-3.0 Å ) data sets were measured at Ϫ160ЊC on a formed into E. coli DH5␣ cells, and the purified plasmid pET22b-Siemens HI-STAR area detector with Osmic Max-Flux multilayer gtfB-His 6 was transformed into the E. coli expression strain mirror optics. Data were processed and scaled with SAINT v5.00 BL21(DE3). Liter cultures were grown at room temperature to an (Bruker AXS). SOLVE v1.15 [31] was used to determine heavy-atom OD 600 of 0.6, induced to 1 mM IPTG, and grown for an additional 4 positions and phases. A summary of data collection and phasing hr. Harvested cells were resuspended in 25 ml Buffer A (5 mM statistics is shown in Table 2 . Although the phasing power of some imidazole, 0.5 M NaCl, 25 mM Tris-Cl [pH 8]) and lysed by two derivatives was low, the overall figure of merit was 0.60 to 3.2 Å passages through a French pressure cell. After clarification by cenresolution. After density modification by solvent flattening using DM trifugation at 95,000ϫg, the lysate was loaded onto a charged 5 ml [32] from the CCP4 suite of crystallographic software [33] , initial His•Bind column (Novagen) at a flow rate of 1 ml/min. The column electron density maps were readily interpretable, and a model for was washed with 50 ml Buffer A, followed by 30 ml of Buffer A with GtfB was built using CHAIN interactive graphics [34] . Subsequently, 30 mM imidazole. GtfB-His 6 was eluted with a gradient of imidazole data at 1.8 Å resolution were collected on beamline 19-ID at the in Buffer A (5-500 mM imidazole). Fractions were analyzed by SDSAdvanced Photon Source at Argonne National Laboratory, pro-PAGE, pooled, and dialyzed twice against 3 liters of buffer consisting cessed with HKL2000, and scaled using SCALEPACK [35] . For crysof 50 mM Tris-Cl (pH 8) and 2 mM dithiothreitol (DTT). Protein contals grown under type 2 conditions, data at 2.3 Å resolution were centration was determined from the calculated extinction coefficient collected on a Rigaku R-Axis IV image plate detector with Osmic of 37,560 M Ϫ1 at 280 nm.
Max-Flux multilayer mirror optics. Data were processed and scaled using HKL version 1.9.1 software [35] .
Construction and Analysis of Site-Directed Mutants
The mutants GtfB-D13A, GtfB-H125A, and GtfB-D332A were constructed using the splicing by overlap extension (SOE) method [28] .
Structure Refinement
The type 1 GtfB structure was refined with CNSsolve v0.9a [36] using For each mutation, plasmid pET22b-gtfB served as a template for the first round of PCR amplification. The 5Ј SOE fragments were simulated annealing in early stages, followed by simple positional refinement. In later stages, individual B factors were refined, and amplified using the forward primer 5ЈpET (CCATACCCACGCC GAAACAAGC) and the reverse primer gtfB-D13A-5Јrev (CGGTTCGG solvent was added to the model. The current GtfB model includes 382 amino acids, with three disordered regions of the main chain. TAGCTCCGCGCGATCCAC) or gtfB-H125A-5Јrev (CTCGGACAGG Six residues and the His tag at the C terminus are also unobserved. 
